The protonmotive force, Na+/H+ antiport activity and a-aminoisobutyric acid transport were studied in alkaline-tolerant Bacillus jirmus ATCC 14575 and in a newly isolated alkalophilic strain of the same species. The alkalophilic strain, which grew over a pH range from 8.0 to 10.5, maintained a cytoplasmic pH of 9-5 or below even at an external pH of 11.0. Evidence was obtained for an electrogenic Na+/H+ antiporter which could play a role in acidification of the cytoplasm as well as in generation of the transmembrane electrical potential. A non-alkalophilic strain, isolated after mutagenesis of the new alkalophile, lacked the Na+/H+ antiporter. The alkaline-tolerant strain of B. jirmus, which grew at pH values between 6.5 and 8.5, did not maintain an acidified cytoplasm as the pH was raised above 8.0. A less active, apparently electroneutral, Na+/H+ exchange was found in this strain. Both the alkaline-tolerant and alkalophilic strains exhibited Na+-dependent transport of a-aminoisobutyric acid.
was 50 mM-L-malate, supplemented with 0.1 % (w/v) yeast extract, 0.2 % (w/v) peptone and 1 % (v/v) trace salts solution (Hegeman, 1966) . Both organisms were grown at 30 "C with shaking at 200 rev. min-l in a New Brunswick G251 rotary shaker. Growth was followed turbidimetrically with a Klett-Summerson colorimeter (no. 42 filter).
A non-alkalophilic mutant of B. firmus RAB was isolated after mutagenesis with ethyl methanesulphonate, as described previously (Wolfson & Krulwich, 1972) , and plating on L-malate-containing medium buffered to pH 5.5 with potassium phosphate. Organisms grown from a single colony on such plates were designated as B. firmus RABN; this mutant grew on L-malate-containing medium only over a range of external pH from 5.5 to 8-5.
Chemicals. Lysozyme (EC 3 . 2 . 1 .17) (egg white), gramicidin, luciferin-firefly tails and N,N,N',N-tetramethyl-p-phenylenediamine (TMPD) were from Sigma. [14CJInulin (270 Ci g-l, 10 TBq g-l), SHzO (250 pCi ml-l, 9.3 MBq ml-l), [14C]methylamine hydrochloride (52-2 mCi mmol-l, 1.93 GBq mrnoP1), 5,5-[2-l4C]-dimethyloxazolidine-2,4-dione (DMO) (8.8 mCi mmol-l, 326 MBq mmol-l), 22NaC1 (10 mCi mmol-l, 370 MBq mmol-l), a-[1-l4C]AIB (9.0 mCi mmol-l, 333 MBq mmol-l) and [3H]triphenylmethylphosphonium bromide (TPMP+) (18.3 mCi mmol-l, 677 MBq mmol-l) were from New England Nuclear. Non-radioactive TPMP+ was purchased from ICN-K&K Laboratories.
Assays. Transport of AIB was measured by filtration as described previously (Guffanti et ul., 1978) , except that 500 ~M -[~~C ] A I B
(1 pCi pmol-l, 37 kBq pmol-l) was used. Organisms were washed and suspended in 25 m-potassium carbonate buffer, pH 10.5, or 25 m-potassium phosphate buffer, pH 8.0, at 1 mg protein ml-l and starved for 3 to 5 h by shaking at 200 rev. min-I at 30 "C. The starved organisms were loaded with 1 mM-2zNaCt at 4 "C for 1 h. Portions were removed and transferred to reaction vessels at 25 "C to which the appropriate additions were made. Samples (200 pl) were removed, filtered and washed rapidly with 25 mwpotassium carbonate buffer, pH 10.5 or potassium phosphate, pH 8.0. Filtration and washing were completed within 5 to 10s. Slower rates of filtration led to considerable BaNa+ leakage.
Tracings of the external pH were conducted as described by Niven & MacLeod (1978). Organisms were suspended at 5 to 10 mg protein ml-l and starved in a reaction mixture of 300 mwcholine chloride, 50 mM-Bioenergetic properties of B. J;rmus 81 MgS04, 1 m-Tris/HCl, and 20 ,ug carbonic anhydrase ml-l, The suspension was kept anaerobic by bubbling with oxygen-free nitrogen, and the pH was adjusted with anaerobic solutions of HCI or choline hydroxide. The pH was measured with a Beckman Expandomatic pH meter (combination pH electrode 39012) connected to a strip chart recorder with full-scale deflection set at 0.2 pH unit. Additions of either 10 mMNaCl or 10 m -K C l were made from anaerobic solutions.
RESULTS
The ApH and A@ were determined, and the cytoplasmic pH and p.m.f. (A,ZH+) were calculated for each B. Jirmus strain over a range of external pH values. BaciZZusJirmus 14575 maintained a cytoplasmic pH of approximately 8.0 over an external pH range from 6-5 to 8.0 (Fig. 1) . Thus in this pH range, a ApH, outside acid, was generated. At higher external pH values, the ApH was zero. The A+ increased from -77 mV at pH 6-5 to -137 mV at pH 9.0 and then began to decline. By contrast,,Z?.$rmus RAB maintained a cytoplasmic pH of 9.5 or less over a range of external pH values from 8.0 to 11.0; the A$ increased over that entire range from -89 to -145 mV (Fig. 2) . The p.m.f. of the alkaline-tolerant strain was highest at neutral or slightl$acidic external pH values; that of the alkalophile was highest at pH 9.5, the most alkaline pH at which a reversed ApH was not produced.
The possible existence of monovalent cation/H+ antiporters was then examined, At alkaline pH, such antiporters might be involved in the maintenance of the A$ in B.firmus 14575 and of both the A@ and reversed ApH in B. firmus RAB. First, suspensions of the organisms in lightly buffered medium at pH 8.0 or 10.5 were exposed to a sudden addition of NaCl or KCl to a final concentration of 10 mM. The conditions used were those described by Niven & MacLeod (1978) . Suspensions of both strains at pH 8.0 and at pH 10.5 showed a slight acidification of the medium (approximately 0.01 pH units) upon addition of NaCl. No change was observed upon addition of KCl. Efflux of Na+ from starved organisms which had been loaded with 22Na+ was then studied (Fig. 3) . At pH 10.5 neither strain showed efflux of Na+ in the absence of energization. Upon addition of ascorbate/TMPD, 22Na+ effluxed rapidly from B. Jirmus RAB (Fig. 3a) . The efflux was markedly reduced by the lipophilic cation TPMP', which was used to dissipate the A$ without itself making the membrane permeable to Naf. BaciZZusJirmus 14575 exhibited a much slower, TPMP+-insensitive, efflux of 22Naf upon energization (Fig. 3 b) . Parallel measurements under the same conditions indicated that equivalent A$ values, in the range -80 to -90 mV, were generated in the two strains upon addition of ascorbate/TMPD to the starved organisms. The relative 22Na+ efflux exhibited by the two B.$rmus strains was essentially the same at pH 8.0 as at pH 10.5 (Table 1) . Moreover, use of valinomycin to cause dissipation of the A$ resulted in levels of inhibition in B. Jirmus RAB similar to those observed with TPMP+. Valinomycin did not inhibit the more modest 22Na+ efflux found in B. Jirmus 14575. However, carbonyl cyanide m-chlorophenylhydrazone (CCCP) [used at concentrations shown previously to cause transmembrane proton movement at alkaline pH (Guffanti et al., 1978)J inhibited 22Na+ efflux in this strain.
The non-alkalophilic mutant B.firmus RABN had been isolated because of the possibility that if a specific cationlproton antiporter facilitates growth at high pH by maintaining an acidified cytoplasm, then activity of that same antiporter might preclude growth of the alkalophile at neutral pH by causing acidification beyond some critical buffering capacity of the cytoplasm. A non-alkalophilic mutant might thus be expected to lack the relevant antiporter. The mutant exhibited no 22Na+ eBux at either pH 8.0 or 10.5 under the conditions employed for the other two strains (Table 1) . Moreover, addition of NaCl to suspensions of mutant RABN in lightly buffered medium failed to cause the slight acidification observed under the same conditions with B. Jirmus 14575 and B. Jirmus RAB (results not shown).
The final bioenergetic property studied in B. Jirmus 14575 and B. firmus RAB was an active transport system for AIB. Uptake of AIB occurred optimally at pH 7.5 in B.Jirmus 14575 and at pH 9.0 in B. Jirmus RAB. The AIB accumulated could be shown by extraction Organisms grown at pH 7.5 were washed and suspended in either 25 m-Na,CO,/NaHCO, buffer (pH 9.0 to 11.0) or 25 m~-Tris/25 m-sodium phosphate (pH 6-5 to 9.5). Measurements were made as described in Methods. All points are the average of at least two determinations. (Table 2 ). In the presence of Na+, AIB uptake exhibited Michaelis-Menten kinetics with a Km of 260 ,UM in B. firmus 14575 and 320 ,UM in B. Jirmus RAB. The AIB transport system was examined in greater detail in the alkalophilic strain. Gramicidin, an agent that dissipated the A$, completely inhibited AIB transport (results not shown). By contrast, a direct involvement of ATP in the AIB transport system was not found, Bacillus firmus RAB was incubated in medium containing 10 mM-sodium arsenate for 30 min at 30 "C. After washing, the treated and control organisms were assayed for cellular ATP content and AIB transport. Arsenate treatment lowered the ATP content from 3.35 t o 0.33 nmol ATP (mg cell protein)-l, while AIB transport was completely unaffected.
. G U F F A N T I A N D OTHERS

DISCUSSION
The major findings of previous studies on the p.m.f. generated by alkaline-tolerant and alkalophilic organisms have been confirmed. Again, growth of the two strains examined here occurred only at external pH values at which the cytoplasmic pH could be maintained at 9.5 or below. While both the alkaline-tolerant and alkalophilic strains exhibited substantial A$ values above pH 9.5, only the alkalophilic strain maintained a reversed ApH.
We had proposed previously that one of the important differences between alkalinetolerant and alkalophilic bacilli might be in the property of a cation/proton antiporter (Guffanti et al., 1979b) ; subsequent investigations of an alkalophile indeed indicated a role for a Na+/H+ antiporter in acidification of the cytoplasm (or intravesicular space) of B. alcalophilus (Mandel & Krulwich, 1979 ). An electrogenic Na+/H+ antiporter could function to maintain an acidified cytoplasm as long as its activity returned more protons to the cytoplasm (or intravesicular space) than were being extruded by respiration. As a hypothetical example : suppose two protons were extruded during respiration and the antiporter, equally rapidly, exchanged three protons for two intracytoplasmic Na+ ions. The antiporter activity alone (2Naf extruded/3H+ taken up) would be electrogenic in the direction that would allow its energization by the A$, and/or a gradient of Na+, where Na+in > Na+out, augmented by the transient gradient of protons produced by respiration. The total movement of ions that would result from respiration and the antiporter, in the example, would produce an acidified cytoplasm and a A+, outside positive.
Bioenergetic properties of B. Jirmus 85 Does a Na+/H+ antiporter function to acidify the cytoplasm in B.Jirmus RAB, and could the difference between the alkaline-tolerant and alkalophilic strains relate to differences in the antiporters ? Indeed, the alkalophilic strain appears to possess a A+-dependent antiporter as indicated by: (i) Na+-induced proton efflux from cells and (ii) energy-dependent Na+ efflux that was partially sensitive to TPMP+ or valinomycin (in the presence of K+). That this antiporter activity is actually involved in maintenance of the acidified cytoplasm is strongly indicated by the observation that a non-alkalophilic mutant lacks the activity. By contrast, the naturally alkaline-tolerant strain B. Jirmus 14575 appears to possess a less active antiporter than B. Jirmus RAB. The Na+/H+ antiporter in B. Jirmus 14575 catalyses an energy-dependent, A$-independent Naf efflux, as indicated by its insensitivity to TPMPf or valinomycin. This antiporter may be energized by the transient chemical gradient resulting from primary proton extrusion, since it was completely inhibited by CCCP. Thus, the Na+/ Hf antiporter of B.Jirmus 14575 could not produce an acidified cytoplasm, in contrast to that of the alkalophile.
While these considerations all indicate that Na+/H+ antiporters with different properties correlate with the relative ability to grow at alkaline pH, a much more clear cut demonstration of Na+-dependent proton movements should be obtained in both strains. Such a demonstration will strengthen the inference that the inhibitor-sensitive Na+ movements indicate Na+/H+ antiporter activity. In future studies, we intend to use membrane vesicles of known orientation, together with techniques that will facilitate monitoring of proton fluxes.
There are reports of electrogenic cation/proton antiporters in Escherichia coli (Schuldiner & Fishkes, 1978; Brey & Rosen, 1979) and Halobacterium halobium (Lanyi & MacDonald, 1976) ; similar antiporters described in other species of bacteria (Bhattacharyya & Barnes, 1978; Harold & Papineau, 1972; Niven & MacLeod, 1978) may also be electrogenic. A role for antiporters in the conversion of the ApH, produced by primary proton extrusion to a A$, with ApH = 0, had been suggested previously in connection with studies of the p.m.f. in vesicles (Ramos & Kaback, 1977) . A specific involvement of a Na+/H+ antiporter (Padan et al., 1976; Schulachev, 1978; Schuldiner & Fishkes, 1978) and of the K+/H+ antiporter (Brey & Rosen, 1979) in the maintenance of cytoplasmic pH have been proposed in E. coli. The alkalophiles seem to offer an extreme biological situation in which the roles of the antiporters can be readily examined.
We are indebted to Dr Ruth Gordon for identifying the newly isolated alkalophile as a strain of BacillusJirmus. This work was supported in part by research grants PCM 7725586 and PCM 7810213 from the National Science Foundation. Dr Krulwich is the recipient of Research Career Development Award 5K04 GM00020 from the National Institutes of Health. 
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